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a  b  s  t  r  a  c  t

The  use  of wax  coatings  enriched  with  antifungals  has  significantly  contributed  to  quality  maintaining
of  harvested  citrus  fruit.  On  the other  hand,  interest  in  essential  oils (EOs)  as  an alternative  to  synthetic
fungicides  has  recently  gained  momentum.  In  this  study,  Cinnamomum  zeylanicum  EO  was  incorporated
into  a variety  of  commercial  citrus  waxes  (shellac,  carnauba,  paraffin  and  polyethylene).  The  biological
activity of  these  formulations  against  green  and  blue  rots  as  well  as  their  viscosity  and  adherence  to
the  orange  fruit  surface  were  evaluated.  Excellent  disease  control  was  achieved  with  C.  zeylanicum  EO
incorporated  in  shellac  and/or  carnauba  wax compared  to  other  EO–wax  formulations.  Disease  control  by
EO–waxes  seems  to depend  not  only  on the  volume  that  remains  on  the  fruit  skin,  but  also,  probably  on
the  retention  of  EO components  on  the  fruit.  Other  factors  such  as formulation  solubility,  permeability
to  gases,  and  compatibility  between  EO  compounds  and  those  of  waxes  may  also  be  involved  in  the
improvement  of  EO  efficacy.  The  present  study  may  therefore  allow  a careful  selection  of  appropriate
waxes  for  the  elaboration  of  effective  EO–wax  formulations.

©  2012  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The antifungal properties of essential oils (EOs) have been
known for a long time, and studies on their effects on several
postharvest phytopathogens have been reported (Bakkali et al.,
2008; Sanchez-Gonzalez et al., 2011; Marei et al., 2012). Antifun-
gal tests in in vitro conditions of several EOs and their compounds
(Daferera et al., 2003; Linde et al., 2010; Soylu et al., 2010; Marei
et al., 2012; Kouassi et al., in press) showed that they can (i) be
active against some types of phytopathogenic fungi and not active
against others, (ii) be active against the same pathogen, but not at
the same concentration, and (iii) exhibit antifungal activity against
a certain pathogen in one fruit type, but not against the same
pathogen in another fruit type, or at least not at the same concen-
tration. Furthermore, complexity of EOs and their compounds make
the study of their mechanisms of action difficult. Nevertheless,
the potential use of EOs to control postharvest diseases requires
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a detailed examination of their biological activity and the devel-
opment of formulations which inhibit the growth of pathogens
at non-phytotoxic concentrations. In order to develop EO-based
fungicide formulations as postharvest treatments, a study was con-
ducted on the antifungal activity in in vitro conditions of thirty
EOs against Penicillium italicum Wehmer, Penicillium digitatum Sacc
and Colletotrichum musea (Berk. & M.A. Curtis) Arx, three posthar-
vest fungal pathogens of fruit (Kouassi et al., in press). It showed
that Cinnamomum zeylanicum, Cinnamomum verum and Eugenia
caryophyllata EOs were still effective at 100 ppm against the three
tested pathogens. In another study (Kouassi et al., 2010), the in vivo
activity of these three EOs against P. digitatum and P. italicum on
orange fruit (preventive treatment) showed that C. zeylanicum,
C. verum and E. caryophyllata EOs diluted in ethanol were able
to either partially (at a concentration <5%) or totally (at a con-
centration ≥5%) protect fruit from infections of both pathogens.
Furthermore, no visible damage was  observed on the orange cuticle
or skin up to 5% of each EO. Among the three EOs, C. zeylanicum was
the most effective. These results are interesting from a scientific
point of view. However, the practical application of these EOs as an
alternative to chemical fungicides is not yet feasible because to be
effective, excessive concentrations are still needed. In addition, the
method used for fruit treatment (local treatment of wound sites)
is not applicable under conditions of fruit export and marketing.
Therefore, for EO-based fungicides to become realistic alterna-
tives to chemical fungicides in citrus postharvest management, it is
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necessary to find appropriate methods of EO application for protec-
tion of citrus fruit under commercial conditions.

Chemical treatments are traditionally considered to be the
cheapest and the most effective methods for postharvest disease
control. The fruit industry (CERAFRUIT S.L., TECNIDEX S.A., and
FECOPA SARL) uses chemical fungicides at effective concentra-
tions of less than 1% for the protection of citrus fruit. To develop
a competitive alternative, it is also necessary that such methods of
application allow a reduction in effective concentration of EOs. One
disadvantage of EOs is their volatility. They volatilize and degrade
quickly even at room temperature. Several studies have shown
that in in vitro conditions, EOs are excellent biofungicides against
plant pathogens and some are even better than chemical fungicides
(Ranasinghe et al., 2002; De Sousa et al., 2011; Ş erban et al., 2011).
Under in vitro conditions, EOs are generally effective from 0.01%
or less (Bakkali et al., 2008; Combrinck et al., 2011). According to
other studies (Plotto et al., 2003; Kouassi et al., 2010, in press),
however, results obtained in in vivo conditions showed a signifi-
cant decrease in EO efficiency compared to in vitro conditions. This
decrease in efficiency is due to greater volatility of EOs in in vivo
than in in vitro conditions. Moreover, in vitro conditions provide a
greater contact area between EOs and pathogens and thus allow for
better effectiveness. Therefore, a product (i) allowing a closer con-
tact between EOs and fruit surface and (ii) preventing them from
volatilizing, will provide better protection of fruit by EOs at low
concentrations.

Natural or synthetic food grade waxes are used for coating in
the food industry. They have visual characteristics and gas perme-
abilities which are particularly advantageous, especially for control
of weight loss, maturation and quality of coated fruit and vegeta-
bles (Sanchez-Gonzalez et al., 2011). The incorporation of EOs in
waxes for the coating of postharvest citrus fruit can be a solution.
Du Plooy et al. (2009) showed that Lippia scaberrima EO (at 0.25%) in
combination with carnauba tropical wax has provided either 100%
(preventive treatment) or 95% (curative treatment) disease con-
trol against P. digitatum infection of citrus fruit. These results were
encouraging and strengthened our objective to study the antifun-
gal (preventive and curative) effects of C. zeylanicum in combination
with different types of commercial wax. Antifungal effects of a mix-
ture of C. zeylanicum and alcohol or Simulgel were also evaluated
against P. digitatum and P. italicum infections. Simulgel is a thick-
ening and emulsifying polymer which is often used in cosmetics to
solubilize EOs into water-based products. In addition, viscosity and
the volume of EO formulations that adhere to the fruit surface were
assessed.

2. Materials and methods

2.1. C. zeylanicum EO-based formulations

C. zeylanicum EO–ethanol formulation: C. zeylanicum was  pro-
duced by Pranarôm international SA (Ghislenghien, Belgium). Final
EO–ethanol formulations contained 0.1–0.5% C. zeylanicum EO and
1.5% ethanol in distilled water.

C. zeylanicum EO–Simulgel formulation: Simulgel is easy to use
in a liquid form. Final concentrations contained 0.1% or 0.5% C.
zeylanicum EO and 1.5% Simulgel in water.

C. zeylanicum EO–wax formulations: Seven commercial waxes
were used, including XEDASOL M7 (Xeda International S.A.,
Andiol, France) made of shellac, carnauba wax, and fatty acids
(shellac–carnauba–fatty acids); XEDASOL M15 (Xeda Interna-
tional S.A., Andiol, France) made of shellac and carnauba wax
(shellac–carnauba); XEDAFOS L (Xeda International S.A., Andiol,
France) made of shellac (shellac); XEDASOL EC2 (Xeda International
S.A., Andiol, France) made of carnauba wax (carnauba); 95369-1L

(Sigma–Aldrich NV/SA, Belgium) made of paraffin wax  (paraffin)
and Michem® emulsion 18325 (Michelman, Aubange, Belgium)
made of polyethylene wax  (polyethylene). EO–wax formulations
were composed of wax solution supplemented with C. zeylanicum
at 0.1% or 0.5% (v/v).

2.2. Pathogens

P. italicum (strain PIRBM1) and P. digitatum (strain PDRBM1)
were obtained from the Plant Pathology Unit collection (Gembloux
Agro-Bio Tech, Belgium). Penicillium strains were isolated from cit-
rus in Morocco (ENA, Meknes). A 14-d-old culture of these strains
at 25 ◦C grown on potato dextrose agar (PDA) was  used as coni-
dia source. Conidia were scrapped from the agar and suspended
in distilled water with 0.05% Tween 20 (v/v), then the suspension
concentration (inoculum) was adjusted to 104 conidia/mL using a
haemocytometer (Bürker cell).

2.3. Citrus fruit treatment and artificial infections

Mature healthy untreated organic orange fruit were used in the
present work. Fruit were surface disinfected by dipping for 2 min  in
a 10% sodium hypochlorite solution and were rinsed twice with dis-
tilled water before being dried overnight at ambient temperature.
Each fruit was wounded on the outer surface on three locations at
the same side to a depth of 3 mm and a diameter of 5 mm using a
cork borer. Ten oranges per treatment were used.

Preventive treatments were carried out by dipping wounded
fruit for 2 min  into the specific formulations previously described
(C. zeylanicum EO–ethanol, C. zeylanicum EO–Simulgel or C. zeylan-
icum EO–wax) and allowed to air dry for 4 or 24 h. Thereafter, each
wound site was infected by inoculating 25 �L of the inoculum of
P. digitatum or P. italicum. Finally, each fruit was placed in a plastic
tray containing a filter paper and 3 mL  of sterile water to ensure
high relative humidity, and then stored at 23 ◦C. Controls consisted
of fruit treated with distilled water, ethanol, Simulgel or wax at
the same concentrations as the ones used in formulations. A treat-
ment with a chemical fungicide thiabendazole (TBZ) usually used
by FECOPA SARL (Casablanca, Morocco) at 0.4% in wax (citrashine)
for citrus postharvest treatment was also included.

For curative treatments, fruit were wounded as above, then
inoculated with P. italicum (25 �L of inoculum per wound site)
and incubated for 24 h at 23 ◦C. Fruit were after that treated as
previously described and again incubated in the same conditions
as for preventive treatments. Two  independent experiments were
performed for both preventive and curative treatments.

The effect of treatments (preventive and curative) was eval-
uated after 7 d of fruit incubation, and data were recorded
as the percentage of disease control according to the formula
(WIc − WIt)/WIc × 100, where WIc and WIt represent wound inci-
dence for the control (distilled water) and for the treatment,
respectively. Wound incidence was determined as the number of
rotten wounds for a studied treatment per total number of wounds
for the same treatment.

2.4. Volume of treatment per orange

The volume of treatment used per orange, which represent the
volume of treatment that remains on the fruit skin, was  determined
by an empirical method according to the formula (Vi − Vf)/Nt, where
Vi is the initial volume before soaking fruit (500 mL/treatment), Vf is
the final volume after soaking and Nt is the number of fruit soaked
(20/treatment). Three independent experiments were performed.
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Table 1
Incidence of blue and green molds of citrus on oranges by C. zeylanicum essential oil (EO) amended with ethanol applied 4 h before inoculation with P. italicum or P. digitatum.

Treatment (4 h before inoculation) Blue mold (P. italicum) Green mold (P. digitatum)

Wound incidencea Disease control (%) Wound incidencea Disease control (%)

Distilled water (control) 1.00a 0 1.00a 0
Ethanol 1.00a 0 1.00a 0
C.  zeylanicum EO–ethanol (0.1%) 0.80b 20 1.00a 0
C.  zeylanicum EO–ethanol (0.2%) 0.80b 20 1.00a 0
C.  zeylanicum EO–ethanol (0.3%) 0.80b 20 1.00a 0
C.  zeylanicum EO–ethanol (0.4%) 0.80b 20 0.90b 10
C.  zeylanicum EO–ethanol (0.5%) 0.43c 57 0.60c 40
Thiabendazole (0.4%)–water 0.00d 100 0.00d 100

a Wound incidence was  determined from two independent experiments.
Values in the same column marked with different letters are significantly different at P ≤ 0.05.

2.5. Rotational rheological analysis

Rheological measurements of C. zeylanicum EO formulations
(EO–ethanol, EO–Simulgel, and EO–wax) were performed in
duplicate by a rotational viscometer (Bohlin Instruments CVO50
Rheometer) fitted with a thermostatic bath for temperature con-
trol. An integrated computer controller was used to program the
tests and the sensor System CVO utilizing a cone/cylinder configu-
ration was used for measurement. Each formulation sample (3 mL)
was placed in the sensor system for measurement at 25 ◦C. Curves
of instantaneous viscosity (mPa) as a function of the shear rate (D)
were obtained with the following program: 5 min  from 0 to 300 s−1

(the maximum shear rate). Viscosity of each formulation at 10 s−1

and 300 s−1 was determined from the curve.

2.6. Statistical analysis

Statistical analysis of variance (ANOVA) was performed using
the SAS software and means were separated using the Least Signif-
icant Difference (LSD) test at P ≤ 0.05.

3. Results and discussion

3.1. Citrus fruit treatment and artificial infection

We  first studied the preventive action of ethanol-C. zeylanicum
EO (0.1–0.5%) treatments against P. italicum and P. digitatum infec-
tions (Table 1). Distilled water and TBZ (0.4%) treatments were
also considered. TBZ was diluted in distilled water before being
used. Pathogen inoculations were done 4 h after fruit treatment.
The pathogenicity of P. italicum and P. digitatum was  confirmed
by the presence (all wounds were rotten) respectively of blue and
green molds on orange fruit treated with distilled water (control).
Like distilled water, ethanol treatment at 1.5% has no effect against
the two fungi (0% disease control). Preventive dip treatment with C.
zeylanicum EO–ethanol formulations significantly reduced wound
incidence against both pathogens compared to the control, except
in the case of P. digitatum where wound incidence by C. zeylanicum
EO at 0.1–0.3% was as for the control. C. zeylanicum EO at 0.5% in
ethanol was the most effective with a disease control of 57% (blue
mold) and 40.0% (green mold). This result showed that in in vivo
conditions, C. zeylanicum EO at 0.5% mixed with ethanol was  par-
tially effective, while in in vitro conditions, this EO even at 0.01%
offered total pathogen inhibition (Kouassi et al., in press). The fact
that, for high-volume formulation, a homogenous aqueous disper-
sion was difficult to obtain by mixing 1.5% ethanol with EO could
have affected the effectiveness of EO in in vivo conditions. For the
other concentrations (0.1–0.4%) of C. zeylanicum EO, disease control
was equal or lower than 20% for both diseases.

According to the literature (Teuscher et al., 2005), the main com-
pounds of this EO are: cinnamaldehyde (42–82%), eugenol (1–11%),

cinnamic alcohol (8%), cinnamic acid (10%), cinnamyl acetate, o-
methoxycinnamaldehyde, benzyl benzoate, linalool and safrole (up
to 2%). Cinnamaldehyde and eugenol are known to have strong anti-
fungal activity (Sheng-Yang et al., 2005; Amiri et al., 2008; Sen-Sung
et al., 2008; Campaniello et al., 2010; Matan et al., 2011; Moon et al.,
2011). The biological activity of C. zeylanicum EO may  be due to the
synergistic action of these two compounds (Tsair-Bor and Shang-
Tzen, 2008). However, it was  reported that EO activity was mainly
due to a synergistic or to antagonistic effects of its different com-
pounds (Hummelbrunner and Isman, 2001; Bakkali et al., 2008;
Sanchez-Gonzalez et al., 2011). It is thus possible that the activity
of the main components is modulated by other minor molecules.
Control of both diseases was much more enhanced by C. zeylan-
icum EO (0.5%)–ethanol in the present work in which wounded fruit
were treated by dipping whole fruit (40% and 56.7%, Table 1) com-
pared to our previous work (Kouassi et al., 2010) in which treatment
was applied at the wound site only (only 10% disease control). C.
zeylanicum EO–ethanol formulation remains however still less effi-
cient than the chemical fungicide treatment (100% disease control)
(Table 1). Moreover, ethanol itself is volatile and, therefore, would
not allow maintaining the EO long enough on the skin of the orange
to better protect it.

A second experiment was  undertaken to evaluate preventive
and curative treatments of Simulgel and the commercial waxes
(shellac, carnauba, shellac–carnauba, shellac–carnauba–fatty acids,
paraffin and polyethylene) supplemented with C. zeylanicum EO
(0.1% or 0.5%) against both pathogen infections. TBZ (0.4%) sup-
plemented with shellac was included as a standard fungicide
treatment.

For the preventive effect, fruit treatment was carried out 4 h
and 24 h before pathogen inoculation and the results are presented
in Table 2. Whatever the time of inoculation, pathogenicity of
P. italicum and P. digitatum was  confirmed by the development
respectively of blue and green molds on all infected wounds for
distilled water, ethanol (1.5%), Simulgel (1.5%) and the commercial
waxes (100% incidence). In contrast, treatment with TBZ–shellac
induced the highest disease control irrespective of the pathogen
type and the inoculation time.

For formulations based on ethanol, Simulgel, paraffin or
polyethylene supplemented with C. zeylanicum EO at 0.1%, wound
incidence was total (all wounds were rotten) except in the case of
inoculation by P. italicum 4 h after treatment. In this case, wound
incidence was not statistically different for all C. zeylanicum EO for-
mulations at 0.1% presenting a disease control less than 27%. For
formulations based on wax (shellac, carnauba, shellac–carnauba or
shellac–carnauba–fatty acids) supplemented with C. zeylanicum at
0.1%, disease control was  not better (equal or less than 10%) in the
case of inoculation by both pathogens 24 h after treatment and by
P. digitatum 4 h after treatment.

With regard to treatment with C. zeylanicum EO at 0.5%,
wound incidence was greatly reduced in comparison with that of
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Table  2
Incidence of blue and green molds of citrus on oranges by C. zeylanicum essential oil (EO) formulations applied 4 h or 24 h before inoculation with P. italicum or P. digitatum
(preventive treatment).

Treatment Blue mold (P. italicum) Green mold (P. digitatum)

4 h before inoculation 24 h before inoculation 4 h before inoculation 24 h before inoculation

Wound
incidencea

Disease
control (%)

Wound
incidencea

Disease
control (%)

Wound
incidencea

Disease
control (%)

Wound
incidencea

Disease
control (%)

Distilled water (control) 1.00a 0 1.00a 0 1.00a 0 1.00a 0

Ethanol 1.00a 0 1.00a 0 1.00a 0 1.00a 0
C.  zeylanicum EO (0.1%)–ethanol 0.87b 13 1.00a 0 1.00a 0 1.00a 0
C.  zeylanicum EO (0.5%)–ethanol 0.53c 47 0.87b 13 0.6c 40 0.87b 13

Simulgel 1.00a 0 1.00a 0 1.00a 0 1.00a 0
C.  zeylanicum EO (0.1%)–Simulgel 0.80b 20 1.00a 0 1.00a 0 1.00a 0
C.  zeylanicum EO (0.5%)–Simulgel 0.33d 67 0.63c 37 0.43d 57 0.77b 23

Shellac–carnauba–fatty acids 1.00a 0 1.00a 0 1.00a 0 1.00a 0
C.  zeylanicum EO (0.1%)–shellac–carnauba–fatty acids 0.77b 23 0.90b 10 0.90b 10 1.00a 0
C.  zeylanicum EO (0.5%)–shellac–carnauba–fatty acids 0.10e 90 0.37d 63 0.17ef 83 0.40c 60

Shellac–carnauba 1.00a 0 1.00a 0 1.00a 0 1.00a 0
C.  zeylanicum EO (0.1%)–shellac–carnauba 0.77b 23 0.97b 3 0.93b 7 1.00a 0
C.  zeylanicum EO (0.5%)–shellac–carnauba 0.17e 83 0.37d 63 0.25e 75 0.40c 60

Shellac 1.00a 0 1.00a 0 1.00a 0 1.00a 0
C.  zeylanicum EO (0.1%)–shellac 0.73b 27 0.90b 10 0.90b 10 1.00a 0
C.  zeylanicum EO (0.5%)–Shellac 0.00f 100 0.13e 87 0.00g 100 0.19d 81

Carnauba 1.00a 0 1.00a 0 1.00a 0 1.00a 0
C.  zeylanicum EO (0.1%)–carnauba 0.77b 23 0.90b 10 0.90b 10 1.00a 0
C.  zeylanicum EO (0.5%)–carnauba 0.10e 90 0.37d 63 0.17ef 83 0.40c 60

Paraffin 1.00a 0 1.00a 0 1.00a 0 1.00a 0
C.  zeylanicum EO (0.1%)–paraffin 0.80b 20 1.00a 0 1.00a 0 1.00a 0
C.  zeylanicum EO (0.5%)–paraffin 0.30d 70 0.58c 42 0.38d 62 0.73b 27

Polyethylene 1.00a 0 1.00a 0 1.00a 0 1.00a 0
C.  zeylanicum EO (0.1%)–polyethylene 0.80b 20 1.00a 0 1.00a 0 1.00a 0
C.  zeylanicum EO (0.5%)–polyethylene 0.30d 70 0.58c 42 0.38d 62 0.73b 27

Thiabendazole (0.4%)–shellac 0.00f 100 0.03f 97 0.00g 100 0.03e 97

a Wound incidence was  determined from two  independent experiments.
Values in the same column marked with different letters are significantly different at P ≤ 0.05 after LSD test.

C. zeylanicum EO at 0.1%, regardless of the formulation, the
pathogen species and the inoculation time. In addition, disease
control was found to be reduced when treatment was applied
24 h instead of 4 h before inoculation, whatever the formulation
and the pathogen species. In general, wound incidence was  much
more reduced for C. zeylanicum EO at 0.5% amended with Simul-
gel or wax than that amended with ethanol, irrespective of the
pathogen species and the inoculation time. There were, however,
some exceptions. In the case of inoculation by P. digitatum 24 h after
treatment, wound incidence values were substantially identical for
C. zeylanicum EO (0.5%) formulations (ethanol, Simulgel, paraffin
and polyethylene). Wound incidence was also much more reduced
for C. zeylanicum EO at 0.5% amended with shellac and/or carnauba
than with the other waxes (paraffin and polyethylene) and Simul-
gel, regardless of the pathogen species and the inoculation time.
However, the most interesting treatment was with C. zeylanicum
EO (0.5%)–shellac, which allowed, as the fungicide (TZB), 100%
of disease control when inoculation occurred 4 h after treatment
whatever the pathogen. In this case of preventive treatment, the
other C. zeylanicum EO (0.5%) formulations (shellac–carnauba–fatty
acids, shellac–carnauba and carnauba) offered more than 75% of
disease control.

Regarding the curative effect, fruit treatment was  performed
24 h after inoculation with P. italicum. Only a concentration of
0.5% of C. zeylanicum was tested. Results are presented in Table 3.
The application of C. zeylanicum EO supplemented with ethanol
and Simulgel resulted respectively in 67% and 83% of disease con-
trol. The application of shellac, carnauba, or shellac–carnauba–fatty
acids (XEDASOL M7)  amended with C. zeylanicum EO (0.5%) offered

a total disease control like that of shellac amended with TBZ at 0.4%.
A good disease control (97%) was also obtained with the application
of C. zeylanicum EO (0.5%) into shellac–carnauba. Regarding paraf-
fin (95369-1L) or polyethylene (Michem® emulsion 18325) mixed
with C. zeylanicum EO (0.5%); disease control (81% and 85%, respec-
tively) was less than that of the other waxes and wound incidence
was significantly different from that of the other waxes supple-
mented with C. zeylanicum EO but statistically similar to that of
Simulgel supplemented with the same EO. As in the case of the
preventive treatment, the mixture of C. zeylanicum EO and shellac
and/or carnauba resulted in a greater reduction of wound incidence
compared to that of C. zeylanicum EO and ethanol, Simulgel, paraffin
or polyethylene.

Finally, these results (Tables 2 and 3) showed that disease con-
trol against the two  most important postharvest pathogens was
improved with C. zeylanicum EO mixed with Simulgel or waxes
compared to the same EO at the same concentration mixed with
ethanol. Since ethanol, Simulgel and waxes alone have no antifun-
gal effect on the pathogen, this implies that efficacy of formulations
(EO into ethanol, Simulgel or waxes) is only due to EO and not to
a synergistic antifungal effect between EO and ethanol, Simulgel
or waxes. The improvement of disease control is therefore related
to the improvement of the EO efficacy, itself related to the prod-
uct with which EO is associated (Simulgel and waxes in our study).
Understanding the action of such products in improving EO efficacy
and therefore disease control is thus more than necessary for the
development of effective EO-based biofungicide formulations. This
involves therefore, the search for the characteristics of products
associated with EOs.
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Table 3
Incidence of blue mold of citrus on oranges by C. zeylanicum essential oil (EO) for-
mulations applied 24 h after inoculation with P. italicum (curative treatment).

Treatment (24 h after
inoculation)

Wound incidencea Disease control (%)

Distilled water (control) 1.00a 0

Ethanol 1.00a 0
C.  zeylanicum EO

(0.5%)–ethanol
0.33b 67

Simulgel 1.00a 0
C.  zeylanicum EO

(0.5%)–Simulgel
0.17c 83

Shellac–carnauba
wax–fatty acids

1.00a 0

C.  zeylanicum EO
(0.5%)–shellac–carnauba
wax–fatty acids

0.00e 100

Shellac–carnauba 1.00a 0
C.  zeylanicum EO

(0.5%)–shellac–carnauba
0.03d 97

Shellac 1.00a 0
C.  zeylanicum EO

(0.5%)–shellac
0.00e 100

Carnauba 1.00a 0
C.  zeylanicum EO

(0.5%)–carnauba
0.00e 100

Paraffin 1.00a 0
C.  zeylanicum EO

(0.5%)–paraffin
0.19c 81

Polyethylene 1.00a 0
C.  zeylanicum EO

(0.5%)–polyethylene
0.15c 85

Thiabendazole
(0.4%)–shellac

0.00e 100

a Wound incidence was  determined from two independent experiments.
Values in the same column marked with different letters are significantly different
at  P ≤ 0.05 after LSD test.

Unlike alcohol, Simulgel and waxes increase the solubility of
EOs into water-based products with a visible homogeneous aque-
ous dispersion, which leads to a consistent distribution of EO on
the citrus fruit surface. This characteristic may  contribute to the
improvement of disease control. In addition, waxes form, after dry-
ing, a thin film around the fruit allowing a closer contact of EO with
the fruit surface, which certainly contributes to the improvement
of EO efficacy. Waxes have low permeability for water and gases
(Baldwin, 1994; Baldwin et al., 1995; Hagenmaier, 2002; Srinivasa
et al., 2004; Bourtoom, 2008; Zhou et al., 2008; Farag, 2010; Regnier
et al., 2010), particularly advantageous for control of weight loss,
maturation and quality of coated fruit and vegetables. It has been
reported that the incorporation of EO into fruit or vegetable coating
induces a significant reduction in O2 and water vapor permeabil-
ity depending on EO concentration (Bosquez-Molina et al., 2003;
Du Plooy et al., 2009; Regnier et al., 2010; Sanchez-Gonzalez et al.,
2010a,b, 2011; Bonilla et al., 2012). This characteristic (low perme-
ability to gases) of waxes may  be responsible of the maintaining of
EO on the fruit surface, thereby keeping high concentrations of EO
for extended periods of time. It may  explain why EO in waxes was
more effective in reducing the levels of blue and green rots than EO
at the same concentration in alcohol or in Simulgel.

Among EO–wax formulations, different levels of wound inci-
dence (disease control) were observed even when they all have the
same EO concentration. Du Plooy et al. (2009) studied the effect
of different commercial waxes (MS1 and carnauba tropical formu-
lations) supplemented with different EOs (e.g. L. scaberrima and
Mentha spicata) as an alternative to synthetic fungicides in citrus
postharvest management against P. digitatum.  As in the present
work, excellent disease control was achieved depending on the
EO–wax combination, while waxes alone showed no disease con-
trol. Using the same commercial coatings supplemented with the

Fig. 1. Volume (mL) used per orange (adherence) of C. zeylanicum EO formulations.
Different letters indicate significant differences at P ≤ 0.05 after LSD test.

same EOs (2500 �L/L) as Du Plooy et al. (2009) and Regnier et al.
(2010) also observed in their study that the effectiveness of an EO on
avocado fruit against Colletotrichum gloeosporioides and Lasiodiplo-
dia theobromae depended on the wax  used. L. scaberrima EO-MS865
is more effective than L. scaberrima EO–carnauba whereas M.  spi-
cata EO–carnauba is more effective than M. spicata EO-MS865. In
our study, C. zeylanicum EO (0.5%) efficacy was improved (in the
preventive treatment) when supplemented with shellac than with
the other waxes (carnauba, paraffin and polyethylene). This may  be
due to the lower permeability for gases of shellac compared to the
other waxes (Mannheim and Soffer, 1996; Alleyne and Hagenmaier,
2000; Bai et al., 2003), thus keeping more EO on fruit surface.
Moreover, for the same EO–wax formulation, disease control was
reduced when treatment was done 24 h versus 4 h before citrus
fruit infection. This is probably due to the release of EO over time
because of high volatility. We  are currently studying the effect of
these waxes on EO volatilization. Preliminary results showed that
fruit treated 24 h before inoculation seemed to keep less EO on
their surfaces, which make them more vulnerable to infection than
fruit treated 4 h before inoculation. Although there is a significant
decrease in the effectiveness of the EO after 24 h, the disease con-
trol due to EO–wax formulations is relatively acceptable because
more than half of the wounds were protected.

Our results also showed that the curative effect of C. zeylan-
icum EO seems more marked than its preventive effect. This may  be
explained by the immediate effect of EO formulations on pathogen
development in the curative treatment (no volatilization effect)
and/or by the possible vulnerability of the pathogen to the treat-
ment 24 h after its inoculation.

3.2. Volume of treatment per orange (adherence)

Only a concentration of 0.5% of C. zeylanicum EO was tested.
The volume of treatment used per orange is presented in Fig. 1.
The lowest volume of treatment (0.60 mL)  was recorded for
EO–ethanol while the highest one (2.80–2.84 mL)  was for EO–wax
(paraffin and polyethylene). The volume of treatment of C. zey-
lanicum EO–Simulgel (1.60 mL)  was  more than double that of
EO–ethanol. For the other C. zeylanicum EO–wax (shellac, carnauba,
shellac–carnauba or shellac–carnauba–fatty acids) formulations,
volumes ranging from 2.31 to 2.35 mL  were recorded. These results,
associated with those previously presented (Tables 1 and 2),
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Fig. 2. Viscosity (mPas) (rotational rheology) of C. zeylanicum EO formulations.
Rheological measurements of C. zeylanicum EO formulations were performed in
duplicate by a rotational viscometer (Bohlin Instruments CVO50 Rheometer) at
25 ◦C. Curves of instantaneous viscosity (mPas) as a function of the shear rate (D)
were obtained with the following program: 5 min  from 0 to 300 s−1 (the maximum
shear rate). Viscosity of each formulation at 10 s−1 and 300 s−1 was  determined
from  the curve. For each shear rate, different letters indicate significant differences
at P ≤ 0.05 after LSD test.

indicate that treatment efficacy is correlated with the volume of
treatment which remains on the orange fruit skin. The greater
the volume of formulation treatment adhering on the fruit sur-
face, the better the disease control. Indeed, once dried, waxes
formed a thin film around the fruit, keeping therefore more for-
mulation (i.e. more EO) on the fruit surface, resulting in better
disease control than ethanol and Simulgel. With regard to C. zeylan-
icum EO amended with wax (shellac, carnauba, shellac–carnauba or
shellac–carnauba–fatty acids), similar volumes of treatment were
used per orange (Fig. 1) while significant differences in wound
incidence were observed (Table 2). In addition, the volume of the
treatment of C. zeylanicum EO amended with paraffin or polyethy-
lene wax was significantly superior to that of C. zeylanicum EO
amended with the other waxes. However, disease control afforded
by formulations based on C. zeylanicum EO and paraffin or polyethy-
lene waxes was found to be less important than those based on the
other waxes. This shows that disease control by EO–waxes is not
dependent only on the volume that remains on the fruit skin, but
also, probably on the retention of EO components on the fruit. Main-
taining EO on the fruit for extended periods of time may  be related
to the compatibility (affinity) between EO compounds and those of
waxes. Such compatibility may  play an important role in improving
EO efficacy.

3.3. Rotational rheological

Only a concentration of 0.5% of C. zeylanicum was tested. Viscos-
ity of C. zeylanicum EO formulations is presented in Fig. 2. Whatever
the EO formulation, there was a decrease of viscosity when going
from 10 s−1 to 300 s−1; this implies that the behavior of EO for-
mulations was shear-thinning (or pseudoplastic) in all cases and
thus could be used during some processing operations (when it
is pumped in a machine, for instance). The formulation based on
C. zeylanicum EO–Simulgel was significantly more viscous than
that of C. zeylanicum EO–wax (shellac, carnauba, shellac–carnauba

or shellac–carnauba–fatty acids) and C. zeylanicum–ethanol, but
less than that of C. zeylanicum EO–wax (paraffin or polyethy-
lene). In terms of viscosity, the formulation based on C. zeylanicum
EO–Simulgel was significantly different and ∼5 times superior to
that of Simulgel alone while there was no significant difference
between the formulation based on C. zeylanicum EO–wax (shellac,
carnauba, shellac–carnauba, shellac–carnauba–fatty acids, paraffin
or polyethylene) and waxes alone (data not shown).

If we  compare the formulation based on C. zeylanicum
EO–ethanol with the other formulations, it seems that a higher vis-
cosity of the formulation leads to its greater adherence to the fruit
surface (i.e. more EOs) and therefore better disease control. For C.
zeylanicum EO–wax and C. zeylanicum EO–Simulgel formulations,
however, the best disease control was  not always associated with
the highest levels of adherence and viscosity. In addition, what-
ever the formulation of C. zeylanicum EO–wax (shellac, carnauba,
shellac–carnauba or shellac–carnauba–fatty acids), the volumes of
treatment were significantly the same, while their viscosity and
preventive action were significantly different. Therefore, viscos-
ity of formulations cannot alone explain the improvement of C.
zeylanicum EO efficacy. It may  be a combined action of the solu-
bility, viscosity, adherence, permeability of C. zeylanicum EO–wax
formulations, and certainly the compatibility (affinity) between EO
compounds and those of waxes that allow retaining EO on the fruit
surface, which improve EO efficacy.

3.4. Practical aspects

EOs are considered as GRAS (Generally Recognized As Safe) and
thus their application for the protection of fruit and vegetables
should not pose regulatory problems. But practical application of
EOs still remains expensive, which limits their use in the preserva-
tion of fruit and vegetables. The incorporation of EOs into coating
formulations appears to be a good strategy to reduce application
costs since EO quantities can be reduced. In this study, the effective
concentration of C. zeylanicum EO allowing 100% disease control
was improved (reduced) by up to 0.5% by incorporating C. zeylan-
icum EO into shellac wax (preventive treatment), compared to our
previous study (Kouassi et al., 2010) where an effective concentra-
tion of C. zeylanicum EO into ethanol was 5%. At such a concentration
of 0.5%, ∼60 mL  of C. zeylanicum EO mixed with about 11,840 mL of
shellac are necessary to treat one ton of citrus fruit. According to
prices currently available on the market (Pranarôm international
SA, Sigma–Aldrich), the average cost of such a quantity of EO is
about six times that of the tested chemical fungicide necessary to
treat the same quantity of orange fruit. It is thus clear that for such
biofungicides, other expenses related to their development, reg-
istration, distribution, etc. will be added to the purchase cost. A
possible way  to reduce treatment costs is to combine C. zeylanicum
and other relatively cheaper EOs. This has proved possible in in vitro
conditions where the biological activity of C. zeylanicum alone was
similar to that of C. zeylanicum–C. verum–E. caryophyllata mixture
(at equal volumes) provided that final concentrations are superior
to 0.02% (unpublished results). If these results are confirmed in vivo
(ongoing study), the use of the mixture at equal volumes of these
three EOs at a final concentration of 0.5% would allow a reduction of
half the cost of EOs necessary to treat a ton of fruit compared with
the use of C. zeylanicum alone. It is thus clear that treatment by
EOs would cost a little more than treatment by the tested chemical
fungicide. However, the benefits of EOs (eco-compatible, non-toxic
at low doses, biodegradable, and no risk for resistance develop-
ment) and disadvantages of chemical fungicides on health and on
the environment make EOs more interesting for citrus postharvest
treatment. The preventive and curative effects of C. zeylanicum
EO could make it an excellent biofungicide candidate, because a
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postharvest treatment by this oil would prevent the development
of both latent preharvest and postharvest infections.
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